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ABSTRACT

The interaction phenomena of high-velocity liquid jets impinging on a material
surface have been investigated theoretically and experimentally to gain an
understanding of the physical mechanisms involved in”material removal by
fluidjet machining processes. Experiments were performed to determine
conditions under which the liquid jet impacting a solid material will cause
material removal and also to delineate possible physical mechanisms of mass
removal at optimum jet-cutting conditions. We have also carried out
numerical simulations of jet-induced surface pressure rises and of.the
material deformation and spallation behavior due to multiple droplet impacts.
The results obtained from the experiments and theoretical calculations and
their physical implications are also discussed.

1. INTRODUCTION

The purpose of the present work is to investigate the physical processes -
involved in a liquid jet impinging on a material surface and the subsequent
response history of the jet itself and the material. In particular we are
interested in the jet/mass interaction phenomena where the impacted mass
becomes deformed and subsequently fragments span from the surface. In this
paper we describe the theoretical and experimental analyses performed to
understand the physical mechanisms governing the jet-caused mass removal
processes.

The material disintegration phenomena due to liquid jet/material interactions
have been studied in the past primarily .todevelop the most efficient jet-
cutting conditions and equipment, and as such the analyses tended to be
largely empirical. Theoretical analyses have nevertheless been also conducted
and are available in the literature, notably in the publications on jet-
cutting technology and mining operations. Various aspects of the phenomena
have been investigated under a variety of jet flow conditions, ranging from
steady-flow jet” cutting to transient droplet erosion for both ductile and
brittle materials. Sample publications are: “ Bowden and Brunton [1], Field
[2], Brunton [3], Leach and Walker [4], Franz [5], Hashish and duPlessis [6],
Louis and Schikorr [7], Pidsley [8], Tikhomirov et al. [9] and Springer [101.
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Among the variety of results obtained in the analyses, one of the intriguing
findings is that a liquid jet can cut a solid material even when the jet
stagnation pressure (i.e., jet kinetic energy) is less than the material yield
strength. To explain this phenomenon as well as the general physical process
of jet cutting, various factors have been suggested, including cavitation,
multiple droplets and grain sizes (especially for brittle materials). See,
for example, Bowden and Brunton [1], Franz [5] and Corm [11]. However, no .
overall consensus exists, nor any systematic investigation appears to have
been performed on this question of what underlying physical mechanisms cause
material disintegration due to fluidjet impacts.

●

“To address this problem we have undertaken both theoretical and experimental
analyses. On the experimental front a series of generic jet-impact tests were
conducted in order to deduce relevant jet-cutting parameter conditions. In
particular, our main experimental efforts were directed toward measurements of
the aluminum removal rate vs. the target standoff distance under various
nozzle designs, jets and pressure conditions. We shall see in Sec. 2.1.2
that the maximum removal rate occurs when standoff distance is several hundred
nozzle orifice diameters, suggesting jet disintegration into droplets at these
long distances.

On the theoretical front we have conducted numerical analyses to determine the
pressure history when a high-velocity jet (in the range of 1,000 m/s) impinges
on a rigid surface. This limiting case of rigid surface was studied to obtain
the maximum attainable pressure level for a given jet velocity, akin to “water-
hammer” effects.

Numerical analyses have also been made on the jet impact behavior on
deformable materials. This is to investigate the response history of the
impinging jet subsequent to impact as well as the mass deformation and
fragment spallation as a function of time. In these calculations our em”phasis
has been on situations where the mass-removal rate is maximum. The reasons
are that the jet cutting is the most robust in these cases, and are of

I practical interest to the fluidjet-machining industry.

We now discuss these experiments and theoretical analyses in greater detail.

2. ANALYSIS

2.1. Liquid Jet Impact and Material Removal Experiments

2.1.1. Experimental Conditions.
For our tests we used mainly liquid water, and occasionally some polymer
liquids. For the nozzles those designed and patented by A.M. Gatti, Inc. were
used. These nozzles have been found to produce coherent, high-velocity jet
streams upon exit from the nozzle [12]. For target solid materials we used
aluminum, mostly 6061-TO and 6061-T6, as an initial benchmark material because
of the comprehensive data available for its material properties, including the
stress-strain relationships under dynamic (high-strain rate) conditions. ●

Although tests have been also performed with other materials such as styrofoam
and high-explosive materials (PBX-9404) among others, we confine our
discussions here to the aluminum tests, as they provide a glimpse into the ●

basic material-response processes.
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The range of”typical test conditions are listed below:

Nozzle reservoir pressure (nominal):

Ambient condition:

Nozzle diameter:

Nozzle length to diameter ratio:

Feed rate:

Target material:

Target size:

Between 69 MPa (10,000 psi)
and 276 MPa (40,000 psi);

Air at 1 atm.;

0.18 mm (0.007 in.) and
0.36 mm (0.014 in.);

2 to 3;

2 mm/see (5 in./min.)

Aluminum, 6061-TO and T-6;

25mmx25mmx150mm
(1 in. xl in. x 6 in.”).

Other parameters not mentioned above will be given as they occur in the text.

2.1.2. Test Results.

Although we have obtained many test data under a variety of conditions, only
some relevant and representative results will be presented here. Specifically,
we discuss the visual jet structures, the mass removal rate vs. standoff
distance and optimum standoff distance vs. pressure.

Jet Structures. Typical jet structure near the nozzle exit is shown in Figure
1 for a jet emanating from a 0.35 mm nozzle and 138 MPa resenoir. The
coherent nature of the jet stream as it leaves the nozzle exit is obseued.
The same jet stream for the nozzle exit as well as in the downstream region is
shown in Figure 2. For these photographs an infrared camera with the exposure
time of 0.5 microseconds was used. While not visible in the photographs, the
jet stream has been found to neck down to 0.31 mm (0.Cl12in.),shortly after
leaving the nozzle orifice, a behavior reminiscent of a vena contracta
phenomenon [13]. The jet velocity at this minumum jet location has been
estimated to be 415 m/s for a nominal reservoir pressure of 138 MPa. The jet
core remains intact for about a hundred nozzle diameter distance from the
nozzle exit, and beyond this distance the jet consists of ligaments, droplets
and satellite minuscule spray particles. Similar results have been obtained
for other test conditions.

Mass Removal Rate vs. Standoff Distance. Based on previous findings that the

target standoff distance is a factor in affecting material response to jet
impact, we have measured the mass-removal rate at various standoff distances
under a given reservoir pressure and nozzle size. Sample results are plotted

in Figure 3 in terms of the removal rate of 6061-TO aluminum for the case of
138 MPa and 0.35 mm nozzle.
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Since the nozzle discharge coefficient for this flow case has been measured to
be 0.79, the jet stagnation pressure is 85 MPa. This value is much lower than
the aluminum TO-material yield strength of 124 MPa. Therefore, the jet impact
on a surface with such a low stagnation pressure is unlikely to cause serious
material deformation, much less any mass spallation.

Yet this is precisely what has been observed in our tests. While in Figure 3 v

we observe no mass removal in the first 15 mm from the nozzle exit, at
distances beyond 15 mm the same jet impact manages to cut the material. The
cutting rate reaches a maximum level at a standoff distance of 145 mm, or 4

about 400 nozzle diameters from the nozzle exit.

Test results for other conditions demonstrate similar trends. For instance,
the case of a 276 MPa reservoir pressure is shown in Figure 4. Again, no mass
removal is obsened in the first 12 mm. Beyond this distance the jet begins
to cut the material, and its cutting (removal) rate is greater than that for
the lower pressure, which is reasonable owing to its higher pressure and
therefore greater energy involved. The maximum removal rate occurs at about
175 mm from the nozzle exit, i.e., at about 500 nozzle diameters.

We reiterate here that, while no mass removal takes place at short standoff
distances, at other distances the jet can cut the material, even though the
jet stagnation pressure at these locations is lower than the failure stress of
the material. Such results suggest factors other than the direct stagnation
presure to be at work in cutting the target material. This point will be
discussed later in Section 2.1.3.

Optimum Standoff Distance vs. Pressure. The test results plotted in Figures
3 and 4 show that there exists an optimum standoff distance at which the
removal rate is maximum, a result consistent with previous analyses such as
Franz [5] and Louis and Schikorr [7]. The results also show that the optimum
distance varies with the level of the reservoir pressure.

The optimum standoff distance vs. the reservoir pressure obtained from the
present test series is shown in Figure 5. A monotonic increase in standoff
distance with pressure is observed for pressures ranging from 76 MPa to 276
MPa. Since the nozzle diameter for these tests was 0.35 mm, the measured
optimum distances are considerable in terms of the nozzle diameter. For
instance, for the lowest tested pressure of 76 MPa, the optimum distance is
about 280 nozzle diameters, and about 500 nozzle diameters for the 276 MPa
case. Even for the coherent jets streaming out of the particular nozzle used
in the present experiments, these are nevertheless remarkably long distances.

2.1.3. Discussion of the Test Results.

The results presented in the previous section suggest that: (a) the material
can be cut at only certain standoff distances; (b) there exists an optimum

distance at which the rate is maximum; (c) this optimum distance is located
very far from the nozzle exit.

Since our primary interest is in identifying the dominant processes in maximum
removal cases, we confine our subsequent discussions to the removal behavior
at the optimum standoff distance only. That is, our discussion will center on
the jet-material interaction in “Regime III,” [7]

.
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.The question arises as to whether at these optimum standoff distances the jet
stream impinges on the surface as an intact jet, or as a disintegrated jet.
This question is important, because different kinds of impact characteristics
will be imposed on the target material’ depending upon the jet stream shapes.

The jet-flow characteristics therefore constitute an important aspect of the
mass removal processes using water jets. And indeed survey of literature
supports this, considering the large number of publications on jet-breakup
phenomena, notably Tikhomirov et al. [9], Grant and Middleman [14], Kusui
[15], Dunn [16]; Yanaida and Ohashi [17], Phinnney [18], Mansour and Chigier
[19], Hiroyasu et al. [20], and Shimizu et al. [21].

In the present context our specific interest is in estimating the intact jet
length. Many .experimental rsults have been obtained under various conditions,
see for example, Tikhomirov, ,etal. [9] and Hiroyasu, et al. [20]. Figure 6
shows intact-jet lengths taken from Ref. 9. It should be kept in mind that in
the figure the horizontal axis denotes the jet stagnation pressure, not the
reservoir pressure. In the turbulent jet regime, designated as 3 in the
figure), where the jet stagnation pressure greater than 30 MPa, the intact
length is on the order of 70 nozzle diameters. The results obtained and given
in Ref. 20 show dependence of the magnitude of the intact jet length on other
factors such as the nozzle geometry and the ambient pressure, and can be
sometimes as large as 250 nozzle diameters. In our tests for the 276 MPa
reservoir pressure case the measured intact jet length has been estimated to
be about 70 mm intact length, or 200 nozzle diameters, and is consistent with
the previous empirical results.

On the other hand, the optimum standoff distance for the same 276 MPa case has
been measured to be 175 mm, or about 500 nozzle
This distance far exceeds the intact jet length
Other test results demonstrate that the optimum
than the intact jet lenths.

We.interpret these test results as follows: (a)
place at a distance beyond the intact length of
arriving at the target is therefore no longer intac~-and consists-mainly of
ligaments and droplets; and (c) These ligaments and droplets then strike the
target material in a series of “water hammer” blows. The instantaneous local
pressure rise due to these impacts exceeds the fatigue stress, and sometimes
even the yield strength of the target material.

diameters, shown in Figures 5.
of 200 nozzle diameters.
standof distances are greater

The maximum mass removal takes
the jep; (b) The jet structure

Therefore, we propose the following physical mechanism for mass removal due to
jet/material interactions: the multiple impacts of jet droplets produce high
local pressures on the surface and inside the material, and it is these
stresses that can cause material deformation and ultimately fragment
detachments from the surface.

We emphasize that the proposed jet cutting mechanism applies only to the case
where the standoff distance is optimum, and that other physical mechanisms may
also be at work at other distances. Since we are concerned only about the
mechanisms involved in the most efficient mass removal situation, we will
concentrate our analyses on the jet cutting phenomena at’the optimum standoff
distances.
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2.2. Theoretical Analyses of the Target Responses to Jet Impacts.

In view of the above experimental results, our principal
have been directed toward determining the flow field and
characteristics as a function of time following a liquid
material.

theoretical efforts
the material-reponse
jet impact on a solid

c

For numerical analyses we have utilized the hydrodynamics code called GALE,
developed at the Livermore Laboratory by Tipton [22]. This code computes both
the fluid and solid characteristics for axisymmetric or planar cases, inviscid *

and compressible flow situations as a function of time. Although the code can
use both the Lagrangian and Eulerian meshes in an arbitrary manner, we have
performed the numerical calculations mostly in the Eulerian mode. Details of
the analysis can be found in Reitter and Kang [23].

First we performed numerical calculations for the case of a high-velocity jet
impinging on a rigid surface. The deformable material cases have also been
treated [24]; however, we will discuss here only the limiting case of a jet
striking a rigid surface. Determining the peak pressure at the stagnation
point on the rigid surface as a function of time following a liquid jet impact
is important, since this value represents the maximum possible pressure
anywhere in the flow field.

2.2.1. Jet Impact on a Ripid Surface.

We consider a circular water jet impinging on a rigid, non-deformable
surface. The peak pressure value thus obtained represents an upper bound to
the pressure that the material will experience during the entire jet impact
processes. The jet diameter was taken to be 0.127 mm. The velocity of the
approaching liquid water jet was varied from 200 m/s to 1,500 m/s.

Numerical results obtained for the above cases all display qualitatively
similar bahavior, and thus only the results for 1,000 m/s jet velocity will be
discussed here as a representative case.

The pressure history at the centerline stagnation point, labeled Location X,
is plotted in Figure 7. The first peak pressure is about 3,800 MPa, which is
much higher than the jet stagnation pressure of 500 MPa. This first peak
pressure is rather short-lived, on the order of 0.05 microseconds in the
present case. This centerline jet behavior simulates a one-dimensional “water-
hammer” response for a very short period of time immediately following the jet
impact, a result also obtained empirically by Brunton [3], among others.

2.2.2. Modified Water-Hammer Expression.

To”compare the present results with the one-dimensional water-hammer value, we
now give an expression for the pressure across a one-dimensional shock wave at
high velocities. Measurements have
and Cook, et al. [26] for underwater

been obtained, for,example, by Cole [25] *
explosions , and the data have been

●
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correlated by Heymann [27]:

()P~– P.=p.c.vj 1+2$
* (1)

where the term p denotes pressure, P the liquid density, C the sound speed
and Vj the flow velocity. The subscripts o and 1 signify respectively
conditions in the undisturbed liquid region and the compressed liquid region.
The correlation given above is general in that it applies to low velocities as
well as high velocities, up to about 2,000 m/s. Huang et al. [28] have also
derived a similar correlation expression, but Eq.(1) is deemed to be
sufficiently accurate in the”range of present interest. We note that at low
velocities Eq.(1) reduces to the more-familiar expression, ~=p~c,vj [29,30].

When the peak pressure obtained from the present numerical calculation is
compared with Eq.(1), the agreement is excellent. Moreover, the present
analytical results agree well with the impact pressures empirically obtained
by Brunton [3], further confirming the validity of the present analysis.

Such an agreement with the one-dimensional expression suggests that the
pressure at location X is one-dimensional, at least for a brief period of time
following jet impact. However, owing to the two-dimensionality of the flow,
this peak value is short-lived, since the jet now begins to expand in a radial
direction. The time lapse when the “one-dimensional” water-hammer pressure
magnitude begins to decrease depends upon the radius of the jet, and in the
present case of 1,000 m/s velocity and 0.127 mm jet diameter, this time has
been calculated to be approximately 0.05 microseconds.

Other Velocity Cases. We have also calculated other cases for velocities
ranging from 200 m/s to 1,500 m/s, the latter being the water sound speed
under standard conditions. The peak-pressure histories at location X are
shown in Figure 8. All of these pressure histories show a peak at first
impact and gradual decrease to their respective nominal stagnation pressures.
As in the case for 1,000 m/s jet velocity, these peak values closely agree
with those estimated from the one-dimensional water-hammer process.

We briefly suhmarize this section by stating that: (a) the peak pressure at
the centerline stagnation point following impact is momentarily one-
dimensional; and therefore (b) we can obtain a quick estimate of the maximum
pressure by the simple water-hammer expression given in Eq. (l). On the other
hand, multi-dimensional (at least two-dimensional), time-dependent approaches
must be employed to obtain other physically more realistic jet flow and
material response characteristics.

2.2.3. Numerical Simulation of Droplet Impacts and Mass Fragmentation.

Before we discuss the numerical simulations for deformable material cases, we
restate the mass-removal mechanism proposed in Sec.2.l.3, i.e. at standoff
distances where the cutting rate is maximum the mass deformation and fragment
detachment from the surface are caused by multiple jet droplet impacts.

To ascertain the validity of whether or not multiple droplet impacts
indeed produce sufficiently strong effects on material responses, we

can
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numerically simulated the flow/structure interaction processes of a train of
high-velocity water droplets impinging on a deformable material. Of special
interest are the deformation characteristics of the droplets and the material
as a function of time following the impacts of these droplets.

Typical calculated results are shown in Figures 9-15. In this sample case a r

series of droplets impinge on the surface of a 6061-T6 Aluminum material with
a velocity of 1,000 m/s. Each droplet strikes the surface 1 microsecond
apart. While this time gap between droplet impacts is somewhat arbitrary, *
results from such a scenario will provide physical insights into the material-
deformation behavior when impacted by multiple droplets.

Figure 9 shows the initial situation when droplet No.1 is about to strike the
surface, and therefore there are as yet no deformations of either the droplet
or the material. Since the CALE code treats the axisyrnmetrical case, the
droplet is doughnut shaped, with the impact regions being above and below the
centerline, marked zero on the ordinate axis in Figure 9. For convenience the
scale of the verical axis is in units of 0.1 mm, while that for the horizontal
axis is in millimeters. The time of impact is at t == 0.1 microsecond from
beginning of numerical calculations. This is so that the numerical
computations started with the droplet still a distance away from the surface.

Included in Figure 9 and subsequent figures are the the distribution
characteristics of the local strains of the droplet and the material. These
local strain magnitudes are shown as various shades of darkness, and shown on
the right of the figures. The strain ranges from 30 percent strain (light
shade) to 150 percent strain (very dark shade). For the present case of
Aluminum T6, the maximum failure strain is taken to be 150 percent; beyond
this value the material loses its strength and offers no resistance to further
impacts.

Att= 0.2 microseconds (that is, t = 0.1 microsecond after the first droplet
impact), the calculated results show depression of the material in the impact
region and dilatation of the material .elsewhere. This is shown in Fig. 10.
Note that the droplet is also deformed and now is in contact with a wider area
of the material surface.

By t = 1.0 microsecond, both the droplet and the material have undergone
considerable shape chages, as shown in Figure 11. The strain in the center
region of the material is becoming noticeable (gray shades). The droplet
No. 2 is visible, and is seen to be approaching the target from left t? right.

At t = 1.1 microseconds, the droplet No. 2 has now collided with a portion of
the droplet No. 1, and the two liquids have partially merged (Figure 12).
However, owing to the high velocity momentum still left in the second droplet,
a sizable portion of the second droplet continues to move toward and will

\strike the ma erial.

By t = 1.7 microseconds the material deformation becomes more and more
pronounced, and the strain in the center region becomes greater and greater

(ever darker shades) as shown in Figure 13. The necking down of the center
segment is clearly evident.

●

☛



Att= 1.75 microseconds, a portion of the material is seen to have been
detached from the surface, the local strain having exceeded the failure
criterion of 150 per cent (Figure 14). Subsequently, at t = 1.9 microseconds,
the detached mass fragment has moved, and is continuing to move, away from.the
material surface (Figure 15).

Note that this fragment detachment process took place in a matter of a few
microseconds. It is thus reasonable to expect that considerable amount of
material could be removed in longer operation times.

The numerical simulation described above and the additional calculations
performed for other droplet velocities and sizes yield similar results for the
response histories of the materials and impinging jet droplets. These” results
therefore give strong support to plausibility to the proposed mass-removal
mechanism that at standoff distances where the cutting rate is maximum the
mass fragments form and span from the surface due largely to multiple jet
droplet impacts.

3. CONCLUDING REMARKS
..

We have conducted
phenomena between

theoretical and experimental analyses of interaction.
an impinging liquid jet and a solid material. The

experimental results show that tQe jet impact does not remove mass at small
standoff distances from the nozzle when the jet stagnation pressure is less
than the material yield strength, and yet is able to remove mass at greater
standoff distances. The tests also show that there exists an optimum standoff
distance for maximum cutting rate, and that this distance is typically on the
order of several hundred nozzle diameters. These results suggest that at such
large distances the jet stream has likely disintegrated into ligaments and
droplets.

For the first of our”theoretical analyses we have numerically determined the
pressure history at the material surface following a jet impact. The results
show that the peak impact presssure simulates the water-hammer phenomenon and
is in many cases sufficiently great to exceed the fatigue st’ress and sometimes
even the yield strength of the solid material.

We have also conducted numerical analyses of the fluid and material response
characteristics when a series of droplets impinge on an aluminum surface.
Calculated .results display sizable deformation of the solid and eventual
fragment detachment from the surface, lending support to the proposed mass
removal mechanism that at optimum standoff distances mass removal is effected
largely by multiple jet droplet impacts. Future plans are to further
ascertain the mechanism and to investigate
“interaction processes.
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